Objective: Matching healthcare staff resources to patient needs in the ICU is a key factor for quality of care. We aimed to assess the impact of the staffing-to-patient ratio and workload on ICU mortality. Design: We performed a multicenter longitudinal study using routinely collected hospital data. Setting: Information pertaining to every patient in eight ICUs from four university hospitals from January to December 2013 was analyzed. Patients: A total of 5,718 inpatient stays were included.
; Claude Guérin, MD, PhD 2, 3, 4 ; Cécile Payet, MSc 1, 5 ; Stéphanie Polazzi, MPH, 1, 5 ; Frédéric Aubrun, MD, PhD 2, 5, 6 ; Frédéric Dailler, MD, PhD 7 ; Jean-Jacques Lehot, MD, PhD 2, 8 ; Vincent Piriou, MD, PhD 5, 9, 10 ; Jean Neidecker, MD, PhD resulted in inconsistent findings (7) (8) (9) (10) (11) (12) (13) (14) . Some works found a significant association between mortality and P/N ratio (7, (10) (11) (12) (13) , but others did not (8, 9, (14) (15) (16) . Even though it is commonly accepted that the physician staffing level affects mortality, no objective P/P ratio has been worked out to date (17) .
Although it is commonly believed that patient mortality is influenced by the number of caregivers in charge of patient care, there is a lack of evidence to support this assumption. In principle, to guarantee consistent patient outcomes, staff resources should continuously mirror the burden of workload that intensive care teams are facing. In addition to staffing levels, patient severity and volume of life-sustaining procedures were performed; the workload is traditionally estimated based on patient turnover (18) (19) (20) . Here, we assumed that both the staffing level and the burden of clinical activity may influence ICU patients' outcomes. We used a shift-by-shift varying measure of patient-to-caregiver ratios in combination with workload assessment to establish their relationships with ICU mortality over time.
METHODS

Study Design and Data Sources
We performed a multicenter longitudinal study in eight adult ICUs located in four university hospitals in Lyon, France. Of the eight ICUs, two were mostly medically oriented, four were mostly surgically oriented, and two were mixed medical-surgical units. All were closed ICUs directed by anesthesiologists, medical intensivists, or mixed medical teams.
Three large databases used for routine tasks were merged to accurately establish where and when caregivers worked and patients were treated: 1) claims data used for billing inpatient stay, 2) the day-by-day, hour-by-hour planning of medical and nurse staff databases, and 3) the human resources database containing information about qualifications and affiliations of staff members. In addition, we reviewed the medical records of every deceased patient to accurately identify any decision to forego life-sustaining therapy (DFLST) during the ICU stay. According to the French law, our study was exempt from approval per local ethics committee.
Information pertaining to every patient admitted to these ICUs between January 1 and December 31, 2013, was used in the present analysis. Standard discharge abstracts for every hospitalization contained compulsory information about patients (ie, gender, age, and residence), admission context (ie, emergency status, surgical, or medical care), the Simplified Acute Physiology Score (SAPS) II (21) measured over the first 24 hours of ICU admission, a selection of life-sustaining medical procedures (LSP; eg, mechanical ventilation, vasopressive drugs, renal replacement therapy, and extracorporeal membrane oxygenation), and 31 coexisting conditions extracted from the Elixhauser list of comorbidities (22) .
We extracted caregiver presence at work on an hourly basis for each ICU employee (ie, nurses and physicians) and for each day of the study period. Work was mainly organized on a 12-hour basis but, during the day, additional staff with varying work hours could be present. To minimize staffing variations observed during each period while maintaining a sufficient granularity, shift was selected as a temporal unit for analysis. A shift was split into the following four time frames: 7:00 am to 0:59 pm, 1:00 pm to 6:59 pm, 7:00 pm to 0:59 am and 1:00 am to 6:59 am.
Main Outcome and Key Predictors
The primary outcome was mortality at time of ICU discharge by shift, excluding patients for whom a DFLST was made. Primary outcome was initially adjusted for age, gender, admission context, emergency status, SAPS II, and comorbidities.
Apart from these common confounding factors, the staffing and the caregiver workload were used as key predictors. Nurse and medical staffing were defined as P/N and P/P ratios, respectively, by shift. We split P/N into the following five categories: less than or equal to 1:1, greater than 1:1 to less than or equal to 1.5:1, greater than 1.5:1 to less than or equal to 2:1, greater than 2:1 to less than or equal to 2.5:1, and greater than 2.5:1 (2:1 meaning two patients for one nurse). The following four categories for P/P were defined as follows: less than or equal to 8:1, greater than 8:1 to less than or equal to 10:1, greater than 10:1 to less than or equal to 14:1, and greater than 14:1 (10:1 meaning 10 patients for one physician). Medical residents were included in the count of physicians. We calculated the resident-to-physician ratio (R/P) as the number of residents divided by the number of physicians.
Two additional metrics were used to describe workload. The turnover of patients was measured by dividing the cumulative number of ICU admission and ICU discharge (excluding deaths) during a shift with the number of patients actually staying in the ICU during that shift (20) . The mean number of LSPs per patient performed during a shift was also considered a marker of both the workload and the patient severity. We reasoned that the higher the LSP number, the higher the number of procedures performed by the team and presumably the higher the number of failing organs.
Statistical Analysis
Categorical variables are presented using absolute and relative frequencies and were compared using the chi-square test. Continuous variables are presented using mean and one sd and were compared using the Mann-Whitney U test. Shifts with missing values regarding staffing resources were not included in the analyses.
To explore the determinants of ICU mortality per shift and to adjust for site in analysis, we performed multilevel Poisson regression taking into account the clustering effect of patients within the ICU (23) . Death was the outcome of interest in the model, while staffing and workload were the main predictors. To control for potential confounding variables, patients' characteristics were a priori selected as clinically important covariates. The proportion of surgical cases versus medical cases was used to adjust on the type of patient case-mix admitted to ICU. The final multivariate model included the following variables: P/N, P/P and residents-to-physicians ratios, patient turnover, number of LSP, proportion of men, proportion of surgical cases, SAPSII, and number of comorbidities. The results are presented as adjusted relative risks with their corresponding 95% CIs. Potential variations over time in the highest values of P/N and P/P ratios, as well as patient turnover, are described according to shifts and calendar days. All analyses were performed using R version 3.02 and the package lme4 (glmer function) (24, 25) .
RESULTS
Population and Shifts Description
A total of 5,718 patients were hospitalized in eight ICUs during the 1-year study period ( Table 1 ). The mean number of patients per shift ranged from 8.3 to 22.2 according to ICU size. Overall, 67% of them were men, aged 60.6 ± 6.3 years, and SAPSII was 50.5 ± 10.6 with an average of 2.2 comorbidities per patient. Regarding the n = 393 n = 973 n = 578 n = 353 n = 647 n = 1,520 n = 590 n = 644 n = 5,718
No. of deaths (%) 86 (22) 114 (8.5) 138 (23) 68 (19) 69 (11) 127 (8) 155 (26) 94 (14) 851 (15) No. of deaths (no decision to forego life-sustaining therapy) (%)
41 (10) 36 (3) 53 (9) 25 (7) 44 (7) 110 (7) 72 (12) 43 (7) 424 (7) Description of staff (per shift):
Mean patientsto-nurse ratio (sd)
Mean patientsto-physician ratio (sd)
Description of workload (per shift)
Mean patient turnover (sd) The mean P/N was stable across the shifts, with an average of 1.8 patients per nurse (Fig. 1A) . On the contrary, P/P varied dramatically between day and night shifts, with a mean of 3.6 patients per physician during the day versus 8.5 during the night (Fig. 1B) . The turnover varied depending on the hour of the day. It was maximal during the day shifts, with a mean of 9.9 between 7:00 am and 6:59 pm, and lower during night shifts, with a mean of 3.2 between 7:00 pm and 6:59 am (Fig. 1C) .
Relationship of Patients to Caregivers' Ratio and ICU Mortality
A total of 11,666 shifts in the eight ICUs were studied over 1 year (14 shifts with missing values were not included in the analysis), including 415 shifts during which at least one death occurred ( Table 2) . The fully adjusted model, taking into account both staffing and workload levels, showed an increased risk of mortality, with the highest values for P/P and P/N. The ICU risk of death increased by a factor of 3.5 (1.3-9.1) when the number of patients was above 2.5 per nurse and by a factor of 2.0 (1.3-3.2) when the number of patients was above 14 per physician. The presence of medical residents did not influence inpatient mortality (p = 0.6). Patient turnover supported a adjusted relative risk of 5.9 (2-15) for ICU deaths. SAPSII and LSP were also associated with increased ICU mortality.
The highest values of P/P (ie, > 14 patients per physician) were represented during 3% of the time shifts and occurred mainly at night (87% vs 13%; p < 0.001) (Fig. 2A) . The highest values of P/N (ie, > 2.5 patients per nurse) affected 5% of the time shifts. These were uniformly distributed across the day (p = 0.53) (Fig. 2B) but occurred more frequently during the weekend (p < 0.001) (Fig. 3B) .
DISCUSSION
This multicenter study proposes evidence-based thresholds of five patients to two nurses and 14 patients to one physician, above which there is an increase in ICU mortality. Those shifts with inadequate staffing resources, given the patients' needs, occurred mostly during weekends for nurses and at nights for physicians. In addition, higher risk of death was strongly influenced by heavy workload during shifts based on increased patient turnover and volume of LSPs performed by ICU teams.
Although some subsets of these parameters have been explored previously, the literature is scarce regarding the shift-by-shift analysis of both staffing and workload measures in a multicenter setting. Studies are traditionally based on fixed levels of staff (ie, ratios fixed a priori for periods of a few months) (26) , instead of considering daily staff variations. This lack of granularity may explain why there is currently inconsistent association between medical staffing and patient outcome (2) . In agreement with the guidelines of the Society of Critical Care Medicine for safe care, the present results clearly highlight a threshold effect regarding medical staff size relative to the number of patients and their needs. The present results also support previous observations, suggesting a potential relationship between ICU mortality and nurse staffing (2, 7, 10-13, 16, 20) .
This study opens the way to an automated monitoring system. All types of data computed in the present work were collected routinely. Therefore, automating the process to provide a continuous follow-up of the adequacy of staffing levels and workload is possible. Such a monitoring tool would help manage staffing adequately and optimize patient flow. However, using routinely collected data to investigate preventable deaths caused by failures in ICU organization have clear limitations. In addition to excluding deaths with DFLST orders from our dataset, a solution would be to collect specific causes of death, such as "failure to rescue," which may reflect an unbalanced staffing level (1) . In addition, we primarily used a combination of patient turnover and LSPs to assess work intensity at the team level. In the studied ICUs and in the majority of French ICUs, there is no consult team to take care of less-sick patients in ICUs. The same team is in charge of new admissions and other patients at the same time. So the observed workload is the sum of the patients in the ICU and new admissions. Representing the workload as a combination of LSPs, patient severity and turnover allowed us to take into account both patients present in the ICU and new admissions. Tracking the caregivers' well-being and how they are experiencing the burdens of daily activities may provide additional information (27) . Furthermore, several nursing workload scores have been previously developed, such as the therapeutic intervention scoring system, the nursing activities score, or the nine equivalents of nursing manpower use score (28) . Unfortunately, these metrics were not present in available databases. In terms of generalizability, this study was performed over eight closed ICUs in four academic hospitals. Despite a limited sample size, we think that the findings can probably be generalized to the other French academic hospitals given that their organization does not vary much. Also, our analyses showed no influence of the number of residents per physician on patient mortality. Therefore, we can argue that our findings may also apply to nonacademic hospitals. Although any ICU with an organization similar to the ICUs from this study could benefit from the present results, it would be interesting to validate our findings although replication studies in other countries. The optimal P/P ratios may be different in the context of open ICUs, where the physician formally responsible for the patient is not the intensivist and physicians from outside of the ICU may participate in patient care. Another limitation to this study is that no adjustment was feasible regarding the specialty of ICU physicians (ie, intensivist, anesthesia, and mixed) that may have influenced patients' outcomes.
Representing a real picture of daily workload in the ICU, this study raises further unresolved questions. What are the exact conditions of excessive workload and insufficient staffing that lead to avoidable deaths in the ICU? Ideally, investigating shiftto-shift variations of caregivers staffing and patient turnover would allow identification of which caregiver is assigned to a given patient at any time in a particular ICU. Here, we provided this information at the unit level at each time period. The next step would be to introduce the linking of individual data between patients and caregivers, allowing for a dynamic Patients-to-nurse ratios (%) analysis of their interactions (29, 30 manner, safety culture in the team may play a role in patient safety. Methods such as crew resource management imported from aviation were implemented in surgical settings (33) . Team training might be useful to improve patient outcome in ICUs (34, 35) .
This study proposes evidence-based ratios of patients per nurse and physician in the context of ICUs. Our findings support recommendations for adapting caregivers' resources to patients' needs in real time. Insufficient staffing above the observed maximum thresholds showed an increased risk of mortality. Particular attention should be paid to critical periods identified to be at risk of high patient-to-caregiver ratios (ie, on weekends for nurses and at night for physicians). Moreover, identification of patient turnover as an independent risk factor of mortality should lead to a thoughtful management of patient influx during a single shift. Delaying admissions during periods when teams are experiencing a heavy workload with unbalanced patients-to-caregivers ratios could prevent ICU disorganization. However, the heterogeneity staffing patterns in ICUs around the world cannot be overlooked: larger studies involving different countries will be needed to validate these findings. Because all data used in this study were routinely collected in hospital information systems, real-time monitoring of staffing levels and workload with dedicated alarms is feasible. Such monitoring of patient-tocaregiver ratios would help not only to have sufficient resources for guaranteeing patient safety when needed but also to avoid wasting in case of temporary overstaffing. Hence, continuous balancing between staffing resources and workload may increase care efficiency in ICUs. Otherwise, a cost-effective solution would consist of smoothing activity and staff presence over time according to threshold recommendations. 
